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1. Introduction
1.1. Energyuseandemissionsinthebuildingsector
           
        
ǤȋȌ
           Ǧ
ʹǡǤ

ǡʹͲͲͺǡǣ
Theseclimatechangesarecausedmainlybyincreasedconcentrationof
greenhouse gases in the atmosphere due to human activity. Carbon
dioxide (CO2) is the most important greenhouse gas and its
concentration ismore than a third higher than before the industrial
revolution, so that it is now higher than at any time over the last
650,000years.AnnualCO2emissionsfromfossilfuelincreasedfroman
averageof6.4gigatonsofcarbon(GtC)inthe1990s,to7.2GtCin2000Ǧ
2005–andtherateofincreasehasacceleratedȏͳȐ.
Ǧ
     Ǥ   ǡ ǡ

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Figure1.CO2emissionsfromtheEuropeanbuildingstock.Themarkswithnofillingrepresentnewbuildings.The
marks with black filling represent existing buildings. Zone 1, 2, and 3 represent South European, Central
European,andNorthEuropeancountries,respectively.From[5].
Ͷ

Figure2.CO2emissionsfromfutureretrofittingscenariosfortheEuropeanresidentialstock.From[2].

Figure3.Carbonemissionsandcostsabatementpotentialofseveralinterventionstrategies.From[6].
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Figure4.CurverepresentingthenetzerobalanceofaZEB.From[21].
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1.5. Currentpracticeofenergyretrofitting
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Figure5.TheBrågardenhousingcomplexasoriginal(left)andaftertherenovation(right).From[22].
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Figure6.TheapartmentbuildinginLinzbefore(left)andafter(right)therenovation.From[23].
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1.5.3. ApartmentbuildinginAlbertslund,Denmark
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Figure 7. Renovation of the apartment blocks in Albertslund, Denmark. On the left the facades before the
renovationandontherightthebuildingaftertheupgrade.From[24].
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2. Researchframe(methodology)
2.1.Objective

ǡ 
ǡ ǡ       Ǥ 
ǡ
ǡ
     ǡ    
   ǡ      
ǡǤ
         
  ǡ       
Ǥ
Ǧ
   ǲǳ    
 ȋ	ͺȌǡ      
          
Ǥ
  
Figure 8. Left: “Bosco Verticale” in Milan, by Stefano Boeri. A project aimed at developing metropolitan
reforestationandurbanbiodiversity.Middleandright: “GardenandHouse” inTokyo,byRyueNishizawa.This
buildinghasnoopaquepartitionsbutonlyglasswalls.Thebuildingfaçadeisrepresentedbythegardenslocated
ateachfloor.
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Table2.Listofthealternativesofthearchitecturalfeaturesappliedtothecasestudy.
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Figure9.Matrixofchoices.Ontherightaxis,thevariationininsulationmaterialsgivesthetechnicalsolutions.On
the left axis, the variation in facades composition gives the architectural solutions. On the vertical axis, the
resultingCO2emissionsfromthecombinationoftheabove.
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Figure10.Top leftandcentre:theWestandEastfaçadesoftheMyhrerengaBorettslagbeforerenovation.Top
right:theoriginaldrawingofthecrosssectionofonetheapartmentbuildings.Bottom:theoriginaldrawingof
theplanofoneoftheapartmentbuildings.CourtesyofSintefByggforsk.
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Figure11.ACADdrawingoftheenergymodeloftheMyhrerengaBorettslag.Theapartmentsareinpurple.The
stairwellsandthebasementsaremodelledasunheatedspacesandareinblueandcyan,respectively.Therestof
thebuildingismodelledastwoadiabaticzones.
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2.4. Lifecycleassessment,LCA
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Figure13.Twopicturesof commerciallyavailableVIPs inwhich thedifferent layers composing thepanelare
shown.
  
Figure14.Threepicturesofaerogelproducts.Left:aerogelmatsforwallinsulation.Centreandright:monolithic
aerogelforwindowsinsulation.
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Figure15.Thefaçadesolutionswiththedifferentalternativesforglazingratioandbalconytypologies.24%,33%,
and50%representincreasingwindowǦtoǦwallratios.B0,B1,andB2representthedifferentbalconytypologies.
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Table3.Thematrixofall thealternativeswith the combinationsof the technicalandarchitectural solutions.
Rockwool,aerogel,andVIParetheproposed insulations forthewalls.0.10,0.15,and0.18aretheproposedUǦ
valuesoftheexternalwalls.AGNistripleglazingwithargon,AGLisdoubleglazingwithaerogel.24%,33%,and
50% are the proposed glazing ratios of the facades. CT is cement tile,UW is untreatedwood, CIW is copper
impregnatedwood,SSPisinsulatedsandwichpanel,andPTispolymerǦcementtile.B0isnormalbalconiesonthe
Westfaçadewiththe24%,33%,and50%glazingratios.B1isnormalbalconiesontheWestfaçadewiththe24%
glazingratio,andnormalbalconiesonboththeEastandWestfacadeswiththe33%andthe50%glazingratios.
B2 is sunspaces on theWest façadewith the24%glazing ratio,and is sunspaces onboth theEastandWest
facadeswiththe33%andthe50%glazingratios
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2.8.Assumptionsandlimitations
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4.2. Results:energyretrofittingalternatives
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Figure16.Compositionoftheyearlyenergydemandofthefourretrofittingalternatives.Valuesarenormalizedto
1m2ofbuildingheatedarea.
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Figure17.CO2emissionsforretrofittingalternativesforthe25Ǧyear,50Ǧyear,and75Ǧyearlifetimescenarios.The
barsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingthe“ZEBenergy
mix”(BOPZEB),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponentsandtheirendǦ
ofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
   ͷͲǦ   ͹ͷǦ  ǡ  
     ȋEE M+EOLȌ Ǥ   ͳ͹Ψ
 ʹ͵Ψ    Rockwool   ͷͲǦ   ͹ͷǦ 
ǡǤʹͲΨʹ͸Ψ
VIPǡ  Ǥ   
ǦǦ
    Ǥ  ǡ     
ǡ
͹ͷǦǤǡ
Ǥ
0.00
4.00
8.00
12.00
16.00
20.00
24.00
28.00
32.00
36.00
40.00
Ro
ck
w
oo
l
Ae
ro
ge
l
VI
P
Re
fe
re
nc
eb
.
kg
C
O
2Ͳ
eq
/m
2
y
25Ͳyearlifetimescenario
Ro
ck
w
oo
l
Ae
ro
ge
l
VI
P
Re
fe
re
nc
eb
.
50Ͳyearlifetimescenario
0.00
4.00
8.00
12.00
16.00
20.00
24.00
28.00
32.00
36.00
40.00
Ro
ck
w
oo
l
Ae
ro
ge
l
VI
P
Re
fe
re
nc
eb
.
kg
C
O
2Ͳ
eq
/m
2
y
75Ͳyearlifetimescenario
M+EOL
BOP(ZEB)
EE
 Ͷͻ

Figure18.CO2emissionsforretrofittingalternativesforthe50Ǧyear lifetimescenario.Thebarsshowthe initial
embodiedemissions(EE), theemissions fromenergyuse foroperationusing theEuropeanaverageenergymix
(BOPEU),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponentsandtheirendǦofǦlife
treatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.

Figure19. CO2 emissions for retrofitting alternatives for the 25Ǧyear and 75Ǧyear lifetime scenarios.The bars
show the initial embodied emissions (EE), the emissions from energy use for operation using theNorwegian
averageenergymix(BOPNOR),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponents
andtheirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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Figure20.CompositionofCO2emissionsforthematerialsusedinthefourretrofittingalternativesforthe25Ǧyear,
50Ǧyear,and75Ǧyearlifetimescenarios.Allvaluesarenormalizedto1m2ofheatedbuildingarea.
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Figure 21. Composition of the yearly energy demand of the nine retrofitting alternatives and the reference
building. Values are normalized to 1 m2 of building heated area. The number after each insulation name
representsthecorrespondingUǦvalueofthefacades.
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Figure22.CO2emissionsforretrofittingalternativesforthe25Ǧyear,50Ǧyear,and75Ǧyearlifetimescenarios.The
barsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingthe“ZEBenergy
mix”(BOPZEB),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponentsandtheirendǦ
ofǦlifetreatment(M+EOL).Thenumberaftereach insulationnamerepresentsthecorrespondingUǦvalueofthe
facades.Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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Figure23.CO2emissionsforretrofittingalternativesforthe25Ǧyear,50Ǧyear,and75Ǧyearlifetimescenarios.The
barsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingtheEuropean
averageenergymix(BOPEU),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponents
andtheirendǦofǦlifetreatment(M+EOL).ThenumberaftereachinsulationnamerepresentsthecorrespondingUǦ
valueofthefacades.Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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Figure24.CO2emissionsforretrofittingalternativesforthe25Ǧyear,50Ǧyear,and75Ǧyearlifetimescenarios.The
barsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingtheEuropean
averageenergymix(BOPNOR),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponents
andtheirendǦofǦlifetreatment(M+EOL).ThenumberaftereachinsulationnamerepresentsthecorrespondingUǦ
valueofthefacades.Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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Figure25.CompositionofCO2emissionsforthematerialsusedintheretrofittingalternativesforthe25Ǧyear,50Ǧ
year,and75Ǧyear lifetime scenarios.Thenumberafter each insulationname represents the correspondingUǦ
valueofthefacades.Allvaluesarenormalizedto1m2ofheatedbuildingarea.
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Figure26.CompositionofCO2emissionsforthematerialsusedintheretrofittingalternativesforthe25Ǧyear,50Ǧ
year,and75Ǧyear lifetime scenarios.Thenumberafter each insulationname represents the correspondingUǦ
valueof the facades.Allvalues,representedassharesof the totalemissions,arenormalized to1m2ofheated
buildingarea.
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Figure 27. Composition of the yearly energy demand of the nine retrofitting alternatives and the reference
building.Valuesarenormalizedto1m2ofbuildingheatedarea.
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Figure28.CO2emissionsforretrofittingalternativesforthe25Ǧyear,50Ǧyear,and75Ǧyearlifetimescenarios.The
barsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingthe“ZEBenergy
mix”(BOPZEB),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponentsandtheirendǦ
ofǦlifetreatment(M+EOL).Thenumberaftereachinsulationnamerepresentsthecorrespondingglazingratioof
thefacades.Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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Figure29.CO2 emissions for retrofittingalternatives for the25Ǧyearand75Ǧyear lifetime scenarios.Thebars
show the initial embodied emissions (EE), the emissions from energy use for operation using the European
averageenergymix(BOPEU),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponents
andtheirendǦofǦlifetreatment(M+EOL).Thenumberaftereach insulationnamerepresentsthecorresponding
glazingratioofthefacades.Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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Figure30.CO2 emissions for retrofittingalternatives for the25Ǧyearand75Ǧyear lifetime scenarios.Thebars
showtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingNorwegianenergy
mix(BOPNOR),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponentsandtheirendǦ
ofǦlifetreatment(M+EOL).Thenumberaftereachinsulationnamerepresentsthecorrespondingglazingratioof
thefacades.Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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Figure31.CompositionofCO2emissions for thematerialsused in the retrofittingalternatives for the50Ǧyear
lifetime scenario. The number after each insulation name represents the corresponding glazing ratio of the
facades.Allvalues,representedassharesofthetotalemissions,arenormalizedto1m2ofheatedbuildingarea.
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5.2. Energyretrofittingalternatives
	 ͵ʹ        Ǧ   
Ǥ
ǦǦ
Ǥ
 ǡ         
Ǥ

Figure32.Compositionoftheyearlyenergydemandofthethreeretrofittingalternativeswithdifferentglazing
ratiosandthereferencebuildingsolution.Valuesarenormalizedto1m2ofbuildingheatedarea.
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Figure33.CO2 emissions for retrofittingalternativeswithdifferentglazing ratios for the50Ǧyear lifetimeand
mediummaintenancescenario.Thebarsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuse
foroperationusingthe“ZEBenergymix”(BOPZEB),theEuropeanaverageenergymix(BOPEU),theNorwegian
energymix (BOPNOR),and theemissions from themaintenanceand substitutionofbuildingcomponentsand
theirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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5.3. Sensitivityanalysis:variationofbuildinglifetime
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Figure 34. CO2 emissions for retrofitting alternatives for the 25Ǧyear and the 75Ǧyear lifetimes, andmedium
maintenance scenario.The bars show the initial embodied emissions (EE), the emissions from energy use for
operationusing the “ZEBenergymix” (BOPZEB), theEuropeanaverageenergymix (BOPEU), theNorwegian
energymix (BOPNOR),and theemissions from themaintenanceand substitutionofbuildingcomponentsand
theirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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5.4. Sensitivityanalysis:variationofmaintenancecycle
ȋȌǡǡ
     ȋ Ǧ 
 Ȍǡ 
Ǥǡ
Ǥ ǡ 
     ­ Ǥ   ǡ   
Ǥ­ǡ

 ǡ     Ǥ     
            
Ǥ
	 ͵ͷ          ʹͷǦ
͹ͷǦǡǡ
Ǥ	͵Ͷǡ
    ǡ  
ǤȋEE
Ȍǡ   Ǥ	  ǡ  

Ǥ
ǡM+EOL͵ǤͳΨ
ʹͷǦǤͳͶǤͳΨ͹ͷǦ
ǤʹͷǦM+EOLͲǤͻͺʹǦǦ
ʹǦͳ ȋ͵Ǥ͵ΨȌ  24%argon ǡ ͲǤͻʹʹǦǦʹǦͳ ȋʹǤͻΨȌ  
50%argonǤ͹ͷǦͳǤ͸ͷʹǦ
ǦʹǦͳȋͳͶǤͷΨȌͳǤ͸ͳʹǦǦʹǦͳȋͳ͵ǤͷΨȌǡǤ

  
          ­ǡ   
 Ǥ ǡ      ǡ  
ȋEEȌǦǦȋM+EOLȌǡ
 ǡ
             
Ǥ
ǡM+EOL
       ͳǤͶΨ   ʹͷǦ ǡ  
ͷǤͻΨ  ͹ͷǦ Ǥ   ȋEE
M+EOLȌͳͳǤͶΨʹͷǦ
ͳͲǤͻΨ͹ͷǦǡȋBOPȌ
     Ǥ    

ǡǤ
ͺ Ͳ
   ǡ
Ǥ

Figure35.CO2emissionsforretrofittingalternativesforthe25Ǧyearandthe75Ǧyearlifetimes,andshortandlong
maintenance scenarios.Thebars show the initial embodied emissions (EE), the emissions from energyuse for
operationusing the “ZEBenergymix” (BOPZEB),and theemissions from themaintenanceandsubstitutionof
building components and their endǦofǦlife treatment (M+EOL). All values are normalized to 1m2 of heated
buildingareafor1year.
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Figure36.CO2emissionsforretrofittingalternativesforthe25Ǧyearandthe75Ǧyearlifetimes,andshortandlong
maintenance scenarios.Thebars show the initial embodied emissions (EE), the emissions from energyuse for
operation using the European average energymix (BOP EU), and the emissions from themaintenance and
substitutionofbuildingcomponentsandtheirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2of
heatedbuildingareafor1year.
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Figure37.CO2emissionsforretrofittingalternativesforthe25Ǧyearandthe75Ǧyearlifetimes,andshortandlong
maintenance scenarios.Thebars show the initial embodied emissions (EE), the emissions from energyuse for
operationusingtheNorwegianenergymix(BOPNOR),andtheemissionsfromthemaintenanceandsubstitution
ofbuilding componentsand their endǦofǦlife treatment (M+EOL).All valuesarenormalized to1m2ofheated
buildingareafor1year.
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Figure38.CompositionofCO2emissionsforthematerialsusedintheretrofittingalternativesforthe25Ǧyearand
75Ǧyearlifetimes,andshortandlongmaintenancescenarios.Allvaluesarenormalizedto1m2ofheatedbuilding
area.
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6.2. Resultsfromtheenergyandthegreenhousegasanalyses
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Figure39.Compositionof theyearlyenergydemandof thedifferentretrofittingalternativesand thereference
buildingsolution.Valuesarenormalizedto1m2ofbuildingheatedarea.
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Figure40.CO2emissionsforretrofittingalternativesforthe50Ǧyearlifetimeandmediummaintenancescenario
usingdifferentCO2factors.Thebarsshowtheinitialembodiedemissions(EE),theemissionsfromenergyusefor
operationusing the “ZEBenergymix” (BOPZEB), theEuropeanaverageenergymix (BOPEU), theNorwegian
energymix (BOPNOR),and theemissions from themaintenanceand substitutionofbuildingcomponentsand
theirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.
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6.3. Sensitivityanalysis:variationofbuildinglifetime
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Figure 41. CO2 emissions for retrofitting alternatives for 25Ǧyear and the 75Ǧyear lifetimes and medium
maintenance scenario for the different CO2 factors. The bars show the initial embodied emissions (EE), the
emissionsfromenergyuseforoperationusingthe“ZEBenergymix”(BOPZEB),theEuropeanaverageenergymix
(BOPEU), theNorwegianenergymix (BOPNOR),and theemissions from themaintenanceandsubstitutionof
building components and their endǦofǦlife treatment (M+EOL). All values are normalized to 1m2 of heated
buildingareafor1year.
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6.4. Sensitivityanalysis:variationofmaintenancecycle
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Figure42.CO2emissionsforretrofittingalternativesforthe25Ǧyearandthe75Ǧyearlifetimes,andshortandlong
maintenance scenarios.Thebars show the initial embodied emissions (EE), the emissions from energyuse for
operationusing the “ZEBenergymix” (BOPZEB),and theemissions from themaintenanceandsubstitutionof
building components and their endǦofǦlife treatment (M+EOL). All values are normalized to 1m2 of heated
buildingareafor1year.
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Figure43.CO2emissionsforretrofittingalternativesforthe25Ǧyearandthe75Ǧyearlifetimes,andshortandlong
maintenance scenarios.Thebars show the initial embodied emissions (EE), the emissions from energyuse for
operation using the European average energymix (BOP EU), and the emissions from themaintenance and
substitutionofbuildingcomponentsandtheirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2of
heatedbuildingareafor1year.
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Figure44.CO2emissionsforretrofittingalternativesforthe25Ǧyearandthe75Ǧyearlifetimes,andshortandlong
maintenance scenarios.Thebars show the initial embodied emissions (EE), the emissions from energyuse for
operationusingtheNorwegianenergymix(BOPNOR),andtheemissionsfromthemaintenanceandsubstitution
ofbuilding componentsand their endǦofǦlife treatment (M+EOL).All valuesarenormalized to1m2ofheated
buildingareafor1year
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Figure45.CompositionofCO2emissionsforthematerialsusedintheretrofittingalternativesforthe25Ǧyearand
75Ǧyearlifetimes,andshortandlongmaintenancescenarios.Allvaluesarenormalizedto1m2ofheatedbuilding
area.
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6.5.Useofnaturalventilation
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Figure46.Variationoftheindoortemperatureduetotheuseofnaturalventilation.Naturalventilationisused
whentheindoortemperatureisabove22C.Analysisperformedforoneapartmentwiththe24%aerogelandthe
50%aerogelretrofittingalternatives.
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6.6.Discussionandconclusions
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7.2. Energyuseandlifecycleemissions
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Figure47.CO2emissions for finishingalternatives for the50Ǧyear lifetimeand longmaintenancescenario.The
barsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingthe“ZEBenergy
mix” (BOPZEB), theEuropeanaverageenergymix (BOPEU), theNorwegian energymix (BOPNOR),and the
emissions from the maintenance and substitution of building components and their endǦofǦlife treatment
(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.CTiscementtile,UWisuntreated
wood,CIWiscopperimpregnatedwood,SSPisinsulatedsandwichpanel,andPTispolymerǦcementtile.
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7.3. Sensitivityanalysis:25Ͳyearlifetimeandvariationofmaintenancecycle
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Figure 48. CO2 emissions for finishing alternatives for the 25Ǧyear lifetime, and long and shortmaintenance
scenario.Thebarsshowthe initialembodiedemissions(EE),theemissionsfromenergyuseforoperationusing
the“ZEBenergymix”(BOPZEB),theEuropeanaverageenergymix(BOPEU),theNorwegianenergymix(BOP
NOR), and the emissions from themaintenance and substitution of building components and their endǦofǦlife
treatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.CTiscementtile,UWis
untreatedwood,CIWiscopperimpregnatedwood,SSPisinsulatedsandwichpanel,andPTispolymerǦcementtile.
0.00
4.00
8.00
12.00
16.00
20.00
24.00
28.00
32.00
36.00
40.00
CT
24
%
U
W
24
%
CI
W
24
%
SS
P2
4%
PT
24
%
CT
33
%
U
W
33
%
CI
W
33
%
SS
P3
3%
PT
33
%
CT
50
%
U
W
50
%
CI
W
50
%
SS
P5
0%
PT
50
%
kg
C
O
2Ͳ
eq
/m
2
y
25years+longmaintenance
EE BOP(EU) M+EOL
CT
24
%
U
W
24
%
CI
W
24
%
SS
P2
4%
PT
24
%
CT
33
%
U
W
33
%
CI
W
33
%
SS
P3
3%
PT
33
%
CT
50
%
U
W
50
%
CI
W
50
%
SS
P5
0%
PT
50
%
25years+shortmaintenance
EE BOP(EU) M+EOL
0.00
4.00
8.00
12.00
16.00
20.00
24.00
28.00
32.00
36.00
40.00
CT
24
%
U
W
24
%
CI
W
24
%
SS
P2
4%
PT
24
%
CT
33
%
U
W
33
%
CI
W
33
%
SS
P3
3%
PT
33
%
CT
50
%
U
W
50
%
CI
W
50
%
SS
P5
0%
PT
50
%
kg
C
O
2Ͳ
eq
/m
2
y
25years+longmaintenance
EE BOP(ZEB) M+EOL
CT
24
%
U
W
24
%
CI
W
24
%
SS
P2
4%
PT
24
%
CT
33
%
U
W
33
%
CI
W
33
%
SS
P3
3%
PT
33
%
CT
50
%
U
W
50
%
CI
W
50
%
SS
P5
0%
PT
50
%
25years+shortmaintenance
EE BOP(ZEB) M+EOL
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
CT
24
%
U
W
24
%
CI
W
24
%
SS
P2
4%
PT
24
%
CT
33
%
U
W
33
%
CI
W
33
%
SS
P3
3%
PT
33
%
CT
50
%
U
W
50
%
CI
W
50
%
SS
P5
0%
PT
50
%
kg
C
O
2Ͳ
eq
/m
2
y
25years+longmaintenance
EE BOP(NOR) M+EOL
CT
24
%
U
W
24
%
CI
W
24
%
SS
P2
4%
PT
24
%
CT
33
%
U
W
33
%
CI
W
33
%
SS
P3
3%
PT
33
%
CT
50
%
U
W
50
%
CI
W
50
%
SS
P5
0%
PT
50
%
25years+shortmaintenance
EE BOP(NOR) M+EOL
 ͳͳͷ
7.4. Sensitivityanalysis:75Ͳyearlifetimeandvariationofmaintenanceschedule
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Figure 49. CO2 emissions for finishing alternatives for the 75Ǧyear lifetime, and long and shortmaintenance
scenario.Thebarsshowthe initialembodiedemissions(EE),theemissionsfromenergyuseforoperationusing
the“ZEBenergymix”(BOPZEB),theEuropeanaverageenergymix(BOPEU),theNorwegianenergymix(BOP
NOR), and the emissions from themaintenance and substitution of building components and their endǦofǦlife
treatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.CTiscementtile,UWis
untreatedwood,CIWiscopperimpregnatedwood,SSPisinsulatedsandwichpanel,andPTispolymerǦcementtile.
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Figure50.CompositionofembodiedCO2emissionsforthematerialsused intheretrofittingalternativesforthe
75Ǧyearlifetime,andshortandlongmaintenancescenarios.Allvaluesarenormalizedto1m2ofheatedbuilding
area.CTiscementtile,UWisuntreatedwood,CIWiscopperimpregnatedwood,SSPisinsulatedsandwichpanel,
andPTispolymerǦcementtile.
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7.5.Discussionandconclusions
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Figure51.Compositionoftheyearlyenergydemandofthealternativeswiththreebalconyalternativesandthe
24%,33%,and50%glazingratios.B0isnormalbalconiesontheWestfaçade.B1isnormalbalconiesonboththe
EastandWestfacades(inthe33%andthe50%glazingratio).B2issunspacesonboththeEastandWestfaçades
(inthe33%andthe50%glazingratios).Valuesarenormalizedto1m2ofbuildingheatedarea.

Figure52.CO2 emissions forbalconyandglazingalternatives for the75Ǧyear lifetimeand shortmaintenance
cycle.Thebarsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingthe
“ZEBenergymix”(BOPZEB),andtheemissionsfromthemaintenanceandsubstitutionofbuildingcomponents
andtheirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingareafor1year.B0
isnormalbalconiesontheWestfaçade.B1 isnormalbalconiesonboththeEastandWestfacades(inthe33%
andthe50%glazingratios).B2issunspacesonboththeEastandWestfacades(inthe33%andthe50%glazing
ratios).
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
Figure53.CO2 emissions forbalconyandglazingalternatives for the75Ǧyear lifetimeand shortmaintenance
cycle.Thebarsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingthe
Europeanaverageenergymix (BOPEU),and theemissions from themaintenanceand substitutionofbuilding
componentsandtheirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingarea
for1year.B0isnormalbalconiesontheWestfaçade.B1isnormalbalconiesonboththeEastandWestfacades
(inthe33%andthe50%glazingratios).B2issunspacesonboththeEastandWestfacades(inthe33%andthe
50%glazingratios).
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Figure54.CO2 emissions forbalconyandglazingalternatives for the75Ǧyear lifetimeand shortmaintenance
cycle.Thebarsshowtheinitialembodiedemissions(EE),theemissionsfromenergyuseforoperationusingthe
Norwegian energy mix (BOP NOR), and the emissions from the maintenance and substitution of building
componentsandtheirendǦofǦlifetreatment(M+EOL).Allvaluesarenormalizedto1m2ofheatedbuildingarea
for1year.B0isnormalbalconiesontheWestfaçade.B1isnormalbalconiesonboththeEastandWestfacades
(inthe33%andthe50%glazingratios).B2issunspacesonboththeEastandWestfacades(inthe33%andthe
50%glazingratios).
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9. Summaryandconclusions
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Figure 55.Matrix of the lifecycle emissions of all the technical and the architectural retrofitting alternatives
calculatedwiththeEUfactorfora75Ǧyearlifetimeandashortmaintenancecycle.
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Figure 56.Matrix of the lifecycle emissions of all the technical and the architectural retrofitting alternatives
calculatedwiththeNORfactorfora75Ǧyearlifetimeandashortmaintenancecycle.
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Figure 57.Matrix of the lifecycle emissions of all the technical and the architectural retrofitting alternatives
calculatedwiththeZEBfactorfora75Ǧyearlifetimeandashortmaintenancecycle.
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Figure58.Projectionofthelifecycleemissionsofabuildingcalculatedconsideringthehypotheticaldevelopment
ofthefutureEuropeanenergygridforthenext50years.Itisassumedthatbyyear2054theEUpowergridwill
becarbonneutral[95].
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Figure59..Projectionofthelifecycleemissionsofabuildingcalculatedconsideringthehypotheticaldevelopment
ofthefutureEuropeanenergygridfromyear2054onwards.Itisassumedthatbyyear2054theEUpowergrid
willbecarbonneutral.Thescenariosrepresentthefuturebuilding’slifecycleemissionsdependingonwherethe
production plants ofmaterials and components are located. Scenario 1 assumes that the production of the
buildingmaterialsandcomponentsisentirelylocatedwithintheEuropeanUnionborder.Scenario2assumesthat
theproductionofthebuildingmaterialsandcomponentsisentirelylocatedincountrieswheretheenergygridis
lessgreenthanthatoftheEUgrid.Scenario3isacombinationofscenarios1and2.
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TableIǦb.ListofthetechnicalsolutionsadoptedforsomeoftheretrofitexamplesfromtheIEAǦSHCTask37.
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11.AppendixII
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TableIIǦa.Listofthevariablesusedintheenergymodel.

Detailsoftheexternalfaçadeconstruction
Reference
building
 Aerogel Rockwool VIP 
       


ͲǤͳ  ͲǤͳ  ͲǤͳ  ͲǤͳ


ͺ 

ͺ 

ͺ 

ͺ
 ʹͺ  ʹͺ  ʹͺ  ʹͺ
 ͳ  ͳ  ͳ  ͳ


ʹͲͲ 

ͳͲͲ 

ʹͷͲ 

ͳͲͲ
 ʹͲͲ  ͳͲͲ  ʹͷͲ  ͸Ͳ
 ͳͺ  ͳͺ  ͳͺ  ͳͺ


ͳͲͲ 

ͳͲͲ 

ͳͲͲ 

ͳͲͲ



ͳ͵ 


ͳ͵ 


ͳ͵ 


ͳ͵


ͲǤͳ  ͲǤͳ  ͲǤͳ  ͲǤͳ


Ǧ 

Ǧ 

Ǧ 

Ǧ
TableIIǦb.Detailsofthefacadeconstructionwiththedifferentinsulationalternatives.
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TableIIǦc.Detailsofthefacadeconstructionwiththedifferentinsulationalternativesanddifferentthicknesses.
Thenumberfollowingeachsolution’snamerepresentsthecorrespondingUǦvalue.
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TableIIǦd.Detailsoftheglazingtechnologiesandthealternativesofglazingratios(WWR).
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TableIIǦf.Detailsofthefacadeconstructionwiththedifferentfinishingtypes.CTiscementtile,UWisuntreated
wood,CIWiscopperimpregnatedwood,SSPissandwichpanel,PTispolymerǦcementtile.
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Listofthearchitectural
solutions
24% 33% 50%

B0
  
B1
  
B2
  
TableIIǦg.Listofthealternativesforbalconiesandsunspaces.IneachcellontoptheEastfacade,onbottomthe
West facade.B0,B1,andB2representdifferentsolutionsofbalconies.24%,33%,and50%representdifferent
glazingratios.
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Listofthearchitectural
solutions
24% 33% 50%

CementtileandPolymerǦ
cementtile
  
Untreatedwoodand
copperǦimpregnatedwood
  
SteelǦcoatedsandwich
panel
  
TableIIǦh.Listofthealternativesforfinishing.IneachcellontoptheEastfacade,onbottomtheWestfaçade.
24%,33%,and50%representdifferentglazingratios.
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Table IIIǦ a. List of the endǦofǦlife scenarios, transportation distances, and means of transportation for the
materialsusedinthereferencebuildingandintheretrofittingalternatives.
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TableIIIǦb.Listofthemaintenanceschedulesofthematerialsusedintheretrofittingsolutions.From[86].
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TableIVǦa.Lifecycleemissionsofallthetechnicalandthearchitecturalretrofittingalternativescalculatedwith
theEUfactorfora25Ǧyearlifetimeandashortmaintenancecycle.AGNistripleglazingwithargon,AGLisdouble
glazingwithaerogel.CTiscementtile,UWisuntreatedwood,CIWiscopperimpregnatedwood,SSPisinsulated
sandwichpanel,andPT ispolymerǦcementtile.B0 isnormalbalconiesontheWest façadewiththe24%,33%,
and50%glazingratios.B1isnormalbalconiesnormalbalconiesontheWestfaçadewiththe24%glazingratio,
and normal balconies on both the East andWest facadeswith the 33% and the 50% glazing ratios. B2 is
sunspacesontheWest façadewiththe24%glazingratio,and issunspacesonboththeEastandWest facades
withthe33%andthe50%glazingratios.
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TableIVǦb.Lifecycleemissionsofallthetechnicalandthearchitecturalretrofittingalternativescalculatedwith
theEUfactorfora75Ǧyearlifetimeandashortmaintenancecycle.AGNistripleglazingwithargon,AGLisdouble
glazingwithaerogel.CTiscementtile,UWisuntreatedwood,CIWiscopperimpregnatedwood,SSPisinsulated
sandwichpanel,andPT ispolymerǦcementtile.B0 isnormalbalconiesontheWest façadewiththe24%,33%,
and50%glazingratios.B1isnormalbalconiesnormalbalconiesontheWestfaçadewiththe24%glazingratio,
and normal balconies on both the East andWest facadeswith the 33% and the 50% glazing ratios. B2 is
sunspacesontheWest façadewiththe24%glazingratio,and issunspacesonboththeEastandWest facades
withthe33%andthe50%glazingratios.
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TableIVǦc.Lifecycleemissionsofallthetechnicalandthearchitecturalretrofittingalternativescalculatedwith
theNOR factor fora25Ǧyear lifetimeanda shortmaintenancecycle.AGN is tripleglazingwithargon,AGL is
doubleglazingwithaerogel .CTiscementtile,UWisuntreatedwood,CIWiscopperimpregnatedwood,SSPis
insulatedsandwichpanel,andPTispolymerǦcementtile.B0isnormalbalconiesontheWestfaçadewiththe24%,
33%,and50%glazingratios.B1isnormalbalconiesnormalbalconiesontheWestfaçadewiththe24%glazing
ratio,andnormalbalconiesonboththeEastandWestfacadeswiththe33%andthe50%glazingratios.B2is
sunspacesontheWest façadewiththe24%glazingratio,and issunspacesonboththeEastandWest facades
withthe33%andthe50%glazingratios.
ͳͷͺ
                   10
0%

    
             
<Ǧ
40
%

Ǧ21
Ǧ40
%

Ǧ11
Ǧ20
%

Ǧ6Ǧ
10
%

Ǧ0Ǧ
5%

Re
f.b
ld
g.

+0
Ǧ5%

+6
Ǧ10
%

+1
1Ǧ2
0%

+2
1Ǧ4
0%

>+
40
%

             
VI
P
0.
18

AG
N

 10
9
93

95

95

10
0
10
2
95

Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ
0.
15

AG
N

 11
1
95

98

98

10
2
10
5
98

Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ
0.
10

AG
N

 11
8
10
2
10
5
10
5
10
9
11
1
10
5
11
6
10
2
10
5
10
7
10
9
10
9
10
5
11
1
10
0
10
2
10
5
10
5
10
7
10
2
Ae
ro
ge
l
0.
18

AG
N

 10
7
91

93

93

98

10
0
93

Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ
0.
15

AG
N

 10
9
93

95

95

10
0
10
2
95

Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ
0.
10

AG
N

 11
4
98

10
0
10
0
10
5
10
7
10
0
11
1
98

10
0
10
2
10
5
10
5
10
0
10
7
95

98

10
0
10
0
10
2
98

Ro
ck
w
oo
l
0.
18

AG
N

 10
2
86

89

89

93

95

89

Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ
0.
15

AG
N

 10
2
86

89

89

93

95

89

Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ Ǧ
0.
10

AG
N

 10
0
84

86

86

91

93

86

10
0
86

89

91

93

93

89

10
0
89

91

93

93

95

91

0.
10

AG
L
 10
2
86

89

89

93

95

89

10
5
91

93

95

98

98

93

10
5
93

95

98

98

10
0
95

In
su
la
tio
nt
yp
e
W
al
lU
Ǧva
lu
e
Gl
az
in
gt
yp
e
Ba
lc
on
yt
yp
e
B0

B0

B1

B2

B0

B0

B0

B0

B0

B1

B2

B0

B0

B0

B0

B0

B1

B2

B0

B0

B0

Te
ch
ni
ca
ls
ol
ut
io
ns


Ar
ch
ite
ct
ur
al
so
lu
tio
ns

Fi
ni
sh
in
gt
yp
e
CT

UW

UW

UW

CI
W

SS
P
PT

CT

UW

UW

UW

CI
W

SS
P
PT

CT

UW

UW

UW

CI
W

SS
P
PT

 Gla
zi
ng
ra
tio

24
%

      33
%

      50
%

     
TableIVǦd.Lifecycleemissionsofallthetechnicalandthearchitecturalretrofittingalternativescalculatedwith
theNORfactorfora75Ǧyearlifetimeandashortmaintenancecycle.Allvaluesarenormalizedto1m2ofheated
buildingareafor1year.AGNistripleglazingwithargon,AGLisdoubleglazingwithaerogel .CTiscementtile,
UW isuntreatedwood,CIW iscopper impregnatedwood,SSP is insulated sandwichpanel,andPT ispolymerǦ
cementtile.B0isnormalbalconiesontheWestfaçadewiththe24%,33%,and50%glazingratios.B1isnormal
balconiesnormalbalconiesontheWestfaçadewiththe24%glazingratio,andnormalbalconiesonboththeEast
andWest facadeswiththe33%andthe50%glazingratios.B2 issunspacesontheWest façadewiththe24%
glazingratio,andissunspacesonboththeEastandWestfacadeswiththe33%andthe50%glazingratios.
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TableIVǦe.Lifecycleemissionsofallthetechnicalandthearchitecturalretrofittingalternativescalculatedwith
theZEB factor fora25Ǧyear lifetimeanda shortmaintenance cycle.AGN is tripleglazingwithargon,AGL is
doubleglazingwithaerogel .CTiscementtile,UWisuntreatedwood,CIWiscopperimpregnatedwood,SSPis
insulatedsandwichpanel,andPTispolymerǦcementtile.B0isnormalbalconiesontheWestfaçadewiththe24%,
33%,and50%glazingratios.B1isnormalbalconiesnormalbalconiesontheWestfaçadewiththe24%glazing
ratio,andnormalbalconiesonboththeEastandWestfacadeswiththe33%andthe50%glazingratios.B2is
sunspacesontheWest façadewiththe24%glazingratio,and issunspacesonboththeEastandWest facades
withthe33%andthe50%glazingratios.
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TableIVǦf.Lifecycleemissionsofallthetechnicalandthearchitecturalretrofittingalternativescalculatedwith
theZEB factor fora75Ǧyear lifetimeanda shortmaintenance cycle.AGN is tripleglazingwithargon,AGL is
doubleglazingwithaerogel .CTiscementtile,UWisuntreatedwood,CIWiscopperimpregnatedwood,SSPis
insulatedsandwichpanel,andPTispolymerǦcementtile.B0isnormalbalconiesontheWestfaçadewiththe24%,
33%,and50%glazingratios.B1isnormalbalconiesnormalbalconiesontheWestfaçadewiththe24%glazing
ratio,andnormalbalconiesonboththeEastandWestfacadeswiththe33%andthe50%glazingratios.B2is
sunspacesontheWest façadewiththe24%glazingratio,and issunspacesonboththeEastandWest facades
withthe33%andthe50%glazingratios. 
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